Introduction
The volume and hemoglobin concentration of red cells are determined by erythrocyte ion and water content, which are reg-ulated by several volume-sensitive transporters (1) (2) (3) . The K/Cl cotransport system represents a fast gradient-driven transporter that has been described in human, sheep, dog, rabbit, avian, and mouse erythrocytes. The K/Cl cotransporter also plays a significant role in red cell abnormalities in patients homozygous for hemoglobin C, hemoglobin S, and ␤ thalassemia (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) . In human erythrocytes, the K/Cl cotransport is present in the least dense, reticulocyte-rich fraction of normal red cells; as red cells age, K/Cl cotransport activity declines (5, 6) . Erythrocyte swelling caused by hypotonicity or cytoplasmic acidification, also activates the K/Cl cotransporter, inducing K loss and cell shrinkage (3) (4) (5) (6) (7) (8) (9) . In addition, this cotransport system has been shown to be activated by oxidative damage of the red cell membrane (7, 12) .
Recently, models describing the mechanisms of regulation and kinetic properties of the K/Cl cotransporter have been proposed (13) (14) (15) (16) (17) (18) . These models highlighted the importance of a dephosphorylation/phosphorylation cycle in regulating K/Cl cotransport activity as demonstrated by studies with inhibitors of serine/threonine protein phosphatases or protein kinases. Treatment of human, mouse, rabbit, and low K sheep red cells with okadaic acid (OA) 1 , a phosphatase inhibitor, inhibits K/Cl cotransport (15, 16, 19) . In low K sheep and mouse red cells, the cotransport is activated by staurosporine, a protein kinase inhibitor (10, 11, 17) . These findings suggest that phosphorylation of the K/Cl cotransporter, or of a regulatory molecule, decreases activity, while dephosphorylation increases activity (see reference 20) . However, protein kinases implicated in regulation of K/Cl cotransport have not yet been identified.
Several studies have addressed the role of specific protein kinases in the regulation of erythrocyte ion transport. Interestingly, it was shown that p72 syk and p53/56 lyn , members of two distinct families of tyrosine kinases, the Syk/ZAP-70 and the Src, respectively, are expressed in human erythrocytes (21) . Both Syk/ZAP-70 and Src-family tyrosine kinases are widely expressed in hematopoietic cells (reviewed in references [22] [23] [24] . The Src-family of tyrosine kinases contains at least nine members (Src, Yes, Fyn, Lyn, Lck, Hck, Fgr, Blk, Yrk), some of which are expressed in a variety of cell types, whereas others are expressed primarily by hematopoietic cells. The expression of Src-family kinases in hematopoietic cells varies considerably and each lineage of cells contains more than one family member. For example, p53/56 lyn is highly expressed by B, but not T, lymphocytes and by myelomonocytic cells (22) . Myelomonocytic cells also express the p58 c-fgr and p59/61 hck kinases (22, 25, 26) . In addition, these two kinases are also ex-pressed by B cell lines (25, 26) , and recently it has been shown that mature B lymphocytes express Fgr (27, 28) .
The evidence that erythrocytes express p53/56 lyn prompted us to investigate whether p58 c-fgr and p59/61 hck are also expressed in these cells. Indeed, we found that mouse erythrocytes express p58 c-fgr and p59/61 hck . To investigate the possible role of these two kinases in regulating erythrocyte functions, we exploited the availability of mice in which the fgr and hck genes were inactivated (29; see reference 24 for a review on knock outs of Src-family kinases). Early studies showed that double-mutant fgr Ϫ / Ϫ hck Ϫ / Ϫ mice have an impairment of natural immunity, being more susceptible to Listeria monocytogenes infection (29) . More recent studies established that integrin signaling is defective in fgr Ϫ / Ϫ hck Ϫ / Ϫ neutrophils (30) .
In this report, we show that in erythrocytes from fgr Ϫ / Ϫ hck Ϫ / Ϫ double-mutant mice the activity of the K/Cl cotransport is increased, thus causing red cell dehydration and shrinkage. These results strongly argue that the p58 c-fgr and p59/61 hck kinases are involved in regulation of K/Cl cotransport in erythrocytes. Together with the evidence that p72 syk phosphorylates the anion transporter, band 3 (21), our findings point to an important role for tyrosine kinases in regulation of erythrocyte membrane transport.
Methods
Drugs and chemicals. NaCl, KCl, NaNO 3 , MgCl 2 , OA, staurosporine, ouabain, bumetanide, nystatin, Mg(NO 3 ) 2 , DMSO, n -butyl phthalate, TRIS, and MOPS were purchased from Sigma Chemical Co. (St. Louis, MO). Sulfamic acid was purchased from Aldrich Chemical Co. (Milwaukee, WI). Choline chloride was purchased from Calbiochem-Novabiochem Corp. (San Diego, CA). Bovine serum albumin fraction V was purchased from Boehringer Mannheim (Mannheim, Germany). All solutions were prepared using doubledistilled water.
Animals and design of the study. Male (28-30 g) and female (25-28 g) wild-type, and fgr Ϫ / Ϫ , hck Ϫ / Ϫ , or fgr Ϫ / Ϫ hck Ϫ / Ϫ double knock-out mice, varying in age between 8 and 16 wk, were used in this study (see reference 29) . A group of six animals for each strain of mice was used for studying the effect of cell age on K/Cl cotransport activity. To this purpose, 450 l blood (30% of total blood volume) was drawn every 4 d, three times, and replaced with equal amounts of sterile isotonic saline injected intraperitoneally. K/Cl cotransport, cell cation content, and density distribution curves were determined at baseline (day 0) and after 14, 28, and 35 d from the start of the bleeding protocol. Blood was collected into heparinized microhematocrit tubes by retroorbital venipuncture from ether-anesthetized mice.
In vitro kinase assays. For preparation of erythocytes, whole blood was passed through cotton to remove leukocytes and red cells were washed four times in isotonic saline. 0.4 ml washed, packed erythrocytes were diluted with 1 ml isotonic saline, and then lysed by addition of 0.4 ml of 4 ϫ RIPA buffer (100 mM Tris, pH 7.5, 600 mM NaCl, 4% Triton X-100, 4% Na-deoxycholate, 0.4% SDS, 4 mM DTT, 20 g/ml pepstatin, 20 g/ml leupeptin, 4 mM diisopropyl fluorophosphate, 400 M Na-orthovanadate, 40 M phenylarsine oxide). After 10 min of incubation in ice, lysates were centrifuged at 12,000 g for 10 min at 4 Њ C and supernatants were transferred to microfuge tubes. Lysates were precleared by incubation for 1 h at 4 Њ C, in a rotating wheel, with 30 l of protein A immobilized to Trysacryl (Pierce Chemical Co., Rockford, IL). After preclearing, lysates were incubated with 20 l protein A-Trysacryl preadsorbed with rabbit anti-Fgr, anti-Hck, and anti-Lyn Abs. The Abs used were described in a previous study (29) . Incubations were for 3 h at 4 Њ C in a rotating wheel. At the end of incubation, immunocomplexes were collected by centrifugation in a microfuge, washed twice with RIPA buffer (25 mM Tris, pH 7.5, 150 mM NaCl, 1% Triton X-100, 1% Na-deoxycho-late, 0.1% SDS), once with TBS (170 mM NaCl, 50 mM Tris, pH 7.5) and once with kinase buffer (20 mM Hepes, pH 7.4, 10 mM MnCl 2 , 1 mM DTT). Immunocomplexes were resuspended in 20 l kinase buffer containing 2 Ci 32 P-␥ -ATP (Amersham International, Little Chalfont, UK; specific activity 5,000 Ci/mmol) and incubated at room temperature for 10 min (31) . The reaction was stopped with heated (95 Њ C) SDS sample buffer, and samples electrophoresed on 10% SDS/PAGE gels, dried and processed for autoradiography as described in reference 31.
Determination of hematological parameters and red cell cation content. Hemoglobin (Hb) concentration was determined by spectroscopic measurement of the cyanmet derivative. Hematocrit (Hct) was determined by centrifugation in a micro-Hct centrifuge. Mean corpuscular hemoglobin concentration (MCHC) was calculated from Hb and Hct values. Reticulocytes were counted on EPICS Profile II (Coulter Immunology, Hialeah, FL) after thiazole orange staining (10, 11, 32, 33) . Density distribution curves were obtained according to Danon and Marikovsky (34) , using phthalate esters microhematocrit tubes, after washing the cells three times with PBS (330 mosM) at 25 Њ C in 2-l tubes (11, 33) . The remaining cells were washed four additional times with choline washing solution (CWS: 170 mM choline chloride, 1 mM MgCl 2 , 10 mM Tris-Mops, pH 7.4, at 4 Њ C, 330 mosM) for measurements of internal Na and K content by atomic absorption spectrometry (10, 11) .
Measurement of maximal transport rates for Na/K pump and Na/ K/Cl cotransport in mouse red cells. Maximized rates of Na/K pump and Na/K/Cl cotransport activity were measured in cells containing equal amounts of Na and K by the nystatin technique, loading the cells with nystatin solution (77 mM NaCl, 77 mM KCl, and 55 mM sucrose) (10, 11) . Under these conditions, in human red blood cells, the internal Na site of the Na/K pump and the internal Na and K sites of the Na/K/Cl cotransport are saturated (10, 11) . Na/K pump activity was estimated as the ouabain-sensitive (1 mM ouabain) fraction of Na efflux into a medium containing 165 mM choline chloride and 10 mM KCl. This concentration of ouabain induces maximal inhibition of the Na/K pump in mouse red cells (10, 11, 32) . Na/K/Cl cotransport activity was estimated as bumetanide-sensitive (10 M) Na efflux into a medium containing 174 mM choline chloride and 1 mM ouabain. Na efflux was calculated from the measurement of Na by atomic absorption spectrophotometry in cell-free supernatants. Na measurements were done after 5 and 25 min of incubation for Na/K pump and after 5 and 40 min of incubation for Na/K/Cl cotransport activity.
Measurement of K/Cl cotransport activity in mouse erythrocytes. Activity of K/Cl cotransport in fresh mouse erythrocytes was measured as chloride-and volume-dependent K effluxes (10, 11) . Net K efflux from fresh cells was measured in isotonic (340 mosM) and hypotonic (260 mosM) Na media. 340 mosM is considered isotonic for mouse red cells (10, 11) . Volume-and chloride-dependent K fluxes were calculated as the differences between K efflux in chloride or in sulfonate hypotonic media. All flux media contained 1 mM MgCl 2 , 10 mM glucose, 1 mM ouabain, 0.01 mM bumetanide, and 10 mM Tris-MOPS, pH 7.4. K efflux was calculated after 5 and 25 min of incubation at 37 Њ C, measuring the amount of K present in cell-free supernatants by atomic absorption spectrophotometry (10, 11) . When OA was used, cells were preincubated in the absence or presence of 100 nM OA for 30 min at 37 Њ C in high K medium (10 mM NaCl, 160 mM KCl, 1 mM MgCl 2 , 10 mM D -glucose, and 2.5 mM potassium phosphate, pH 7.4) at 2.5% hematocrit, and assays performed in the presence of OA. When staurosporine was used, cells were pretreated for 30 min at 37 Њ C in high K medium in the absence or presence of 1 M staurosporine (10, 11) . When N -ethylmaleimide (NEM) was used, cells were pretreated for 20 min in ice with 1 mM NEM to maximize activation of K/Cl cotransport (35, 36) .
Statistical analysis. All values are expressed as means Ϯ SD. Data were compared by Student's t test, or by ANOVA with Tukey's test for post-hoc comparison of the means when appropriate. Correlations were assessed by calculation of Pearson's correlation coefficient.
Results
Fgr and Hck are expressed in mouse erythrocytes. Since human erythrocytes contain the Src-family kinase Lyn (21), we examined murine red cells for the expression of two other Src-family kinases, Fgr and Hck. To this purpose, erythrocytes from wild-type, fgr Ϫ/Ϫ , hck Ϫ/Ϫ , and fgr Ϫ/Ϫ hck Ϫ/Ϫ mice were lysed and in vitro kinase assays were performed on anti-Fgr or -Hck immunoprecipitates. As shown in Fig. 1 , no autophosphorylating kinase activity was detected in anti-Fgr immunoprecipitates from lysates of fgr Ϫ/Ϫ or fgr Ϫ/Ϫ hck Ϫ/Ϫ erythocytes; in contrast, autophosphorylated Fgr was clearly present in anti-Fgr immunoprecipitates from lysates of wild-type or hck Ϫ/Ϫ erythrocytes. Likewise, autophosphorylated Hck was detected in anti-Hck immunoprecipitates from lysates of wild-type and fgr Ϫ/Ϫ , but not hck Ϫ/Ϫ or fgr Ϫ/Ϫ hck Ϫ/Ϫ erythrocytes. We also examined whether the Lyn kinase is present in mouse erythrocytes. As shown in Fig. 1 , we detected the Lyn doublet in all four strains of mice. Interestingly, the amount of immunoprecipitable Lyn kinase activity was increased in fgr Ϫ/Ϫ , hck Ϫ/Ϫ , and fgr Ϫ/Ϫ hck Ϫ/Ϫ erythrocytes compared with wild-type cells. Similar results were obtained by comparing the Lyn kinase activity in wildtype and hck Ϫ/Ϫ macrophages (29) . Given that kinase activity is usually proportional to protein levels in resting cells, these data indicate that mouse erythrocytes express predominantly Lyn and Fgr, with Hck being found at a lower level. Expression of Fgr and Hck is not restricted to mouse cells since we detected expression of these two kinases in human erythrocytes as well (data not shown).
Hematologic data and cation content in erythrocytes of mutant mice. Table I summarizes the hematological data of wild-type, fgr Ϫ/Ϫ , hck Ϫ/Ϫ and fgr Ϫ/Ϫ hck Ϫ/Ϫ mice, and the red cell cation composition. We did not find any significant difference in the Hct value, the Hb level, or the number of reticulocytes in wild-type and mutant mice. In contrast, fgr Ϫ/Ϫ hck Ϫ/Ϫ doublemutant erythocytes exhibited a significant increase of MCHC and median density (D 50 ) compared with wild-type, and fgr Ϫ/Ϫ and hck Ϫ/Ϫ erythrocytes. Also, the Na content was similar in wild-type and mutant erythrocytes. However, fgr Ϫ/Ϫ hck Ϫ/Ϫ double-mutant erythrocytes exhibited a significant reduction in red cell K content compared with wild-type and fgr Ϫ/Ϫ or hck Ϫ/Ϫ erythrocytes. Increases in MCHC and D 50 , together with a decrease of K content, were suggestive of red cell dehydration in double-mutant erythrocytes.
Activity of the Na/K pump and the Na/K/Cl cotransport in mutant erythrocytes. To compare membrane transport activity in wild-type and double-mutant erythrocytes, we examined the function of the Na/K pump and the Na/K/Cl cotransport in wild-type and fgr Ϫ/Ϫ hck Ϫ/Ϫ erythrocytes (Table II) . The activities of the Na/K pump and the Na/K/Cl cotransport were similar in double-mutant and wild-type erythrocytes. We conclude that Fgr and Hck do not play any role in the regulation of these cation transport pathways.
K/Cl cotransport activity in mutant erythrocytes. As increases in MCHC and D 50 together with the decrease of K content we found in double-mutant erythrocytes were suggestive of red cell dehydration, we compared K/Cl cotransport activity in wild-type and double-mutant erythrocytes (Fig. 2) . Indeed, we found that ouabain-and bumetanide-insensitive K efflux (K/Cl cotransport) was significantly increased in fgr Ϫ/Ϫ hck Ϫ/Ϫ double-mutant compared with wild-type erythrocytes. Figure 1 . Analysis of Fgr, Hck, and Lyn autophosphorylating kinase activities in erythrocytes from wildtype and mutant mice. Erythrocytes were obtained as described in Methods and lysed with RIPA buffer. Immunoprecipitates were subjected to in vitro kinase assays as described in Methods. One representative autoradiogram is reported. Effect of bleeding on K/Cl cotransport activity in mutant erythrocytes. K/Cl cotransport activity is dependent on cell age as indicated by the evidence that, in human cells, the system is active in reticulocytes and declines in mature erythrocytes (3) (4) (5) (6) . We therefore addressed whether an increase of Data represent meansϮSD of the number of determinations given in parenthesis. Na/K pump and Na/K/Cl cotransport were measured as Na efflux, as described in Methods. reticulocytes in fgr Ϫ/Ϫ hck Ϫ/Ϫ double-mutant mice affects the activity of K/Cl cotransport. Reticulocytosis was induced with a bleeding protocol that reduced Hct to values below 40%, and substantially increased the reticulocyte count ( Fig. 3 ). We did not find any difference in the bleeding-induced increase of reticulocytes in wild-type or fgr Ϫ/Ϫ hck Ϫ/Ϫ double-mutant mice. The increase in reticulocyte levels was associated with a shift in the phthalate density ditribution curve (data now shown). No significant change of red cell Na content in wild-type and fgr Ϫ/Ϫ hck Ϫ/Ϫ erythrocytes was observed in this study (Fig. 3 ). Erythrocyte K content increased significantly in wild-type mice after the bleeding procedure, while no change was evident for fgr Ϫ/Ϫ hck Ϫ/Ϫ cells (see Fig. 3 legend). Analysis of K/Cl cotransport activity showed that this increased substantially in wild-type erythrocytes after bleeding, and this correlated with an increase of young red cells (Fig. 3) . In contrast, after repetitive bleeding, the K/Cl cotransport activity in fgr Ϫ/Ϫ hck Ϫ/Ϫ double-mutant erythrocytes did not further increase. Effect of okadaic acid, staurosporine, and NEM on K/Cl cotransport of mutant erythrocytes. The capability of Fgr and Hck to regulate K/Cl cotransport can be either direct or indirect. Recent studies have shown that staurosporine-sensitive protein kinase(s) inhibit and OA-sensitive protein phosphatase(s) enhance K/Cl cotransport (see references 13, 15-17, 19, 20, 37) . Therefore, we compared the effect of these inhibitors on K/Cl cotransport activity of wild-type and double-mutant erythrocytes (Fig. 4 ). In accord with previous studies (10, 11, 17) , we found that staurosporine enhanced K/Cl cotransport activity in wild-type erythrocytes. However, we did not find any enhancing effect of this drug on K/Cl cotransport of fgr Ϫ/Ϫ hck Ϫ/Ϫ double-mutant erythrocytes. The use of the protein phosphatase inhibitor OA allowed us to confirm previous studies showing an inhibitory effect of this drug on K/Cl cotransport (15, 16, 19) . In fact, as shown in Fig. 4 , OA inhibited K/Cl cotransport in wild-type, as well as fgr Ϫ/Ϫ hck Ϫ/Ϫ erythrocytes. The evidence that OA also inhibited K/Cl cotransport in fgr Ϫ/Ϫ hck Ϫ/Ϫ double-mutant erythrocytes suggests that, even in the absence of Fgr and Hck, protein phosphatases are required to maintain the transporter in a high-activity state.
We also analyzed K/Cl cotransport activity in the presence of NEM, an agent that has been shown to active K/Cl cotransport activity in human, sheep, and mouse erythrocytes (1, 2, 35, 36, 38) . As shown in Fig. 4 , NEM increased K/Cl cotransport activity in wild-type mouse erythrocytes and its effect was comparable with that of staurosporine. In contrast, NEM had no enhancing effect on K/Cl cotransport activity of fgr Ϫ/Ϫ hck Ϫ/Ϫ double-mutant erythrocytes.
Discussion
In this report, we demonstrate the presence of Fgr and Hck, as well as Lyn, in mouse erythrocytes. Together with the recent identification of Syk and Lyn in human red cells (21) , our findings point to an unexpected role for cytoplasmic tyrosine kinases in the regulation of erythrocyte functions. Erythrocyte expression of these Src-family tyrosine kinases does not seem to be species restricted since Lyn, Hck, and Fgr are also found in human red cells (21 and L. Fumagalli, L. De Franceschi, and G. Berton, unpublished observations). These findings reinforce the knowledge accumulated in the last few years that Srcfamily kinases participate in cell functions totally unrelated to regulation of cell growth and gene transcription. For example, Src-family kinases have been implicated in the generation of signals involved in the rearrangement of the cytoskeleton in aggregating platelets (reviewed in reference 39). Moreover, integrin-dependent activation of selective neutrophil functions involves Src-family kinases (30, 31) .
To test directly whether Fgr and Hck play functional roles in modulating red cell membrane cation transport pathways, we analyzed erythrocytes from fgr Ϫ/Ϫ , hck Ϫ/Ϫ , and fgr Ϫ/Ϫ hck Ϫ/Ϫ mice. Previous analysis of these mice revealed that the doublemutant animals are susceptible to L. monocytogenes infection (28) , and double-mutant neutrophils are defective in functions dependent on integrin-adhesion (30) . We found that erythrocytes from fgr Ϫ/Ϫ hck Ϫ/Ϫ mice were characterized by water and K loss when compared with either wild-type, fgr Ϫ/Ϫ , or hck Ϫ/Ϫ cells (Table I ). Since the cell Na content was similar in erythrocytes from wild-type and mutant mice (Table I) , the decrease of K content in fgr Ϫ/Ϫ hck Ϫ/Ϫ erythrocytes is likely due to an activation of the K/Cl cotransport. Moreover, we did not find any difference in the activity of the Na/K pump and the Na/K/ Cl cotransport in wild-type and mutant mice erythrocytes (Table  II) . Analysis of K/Cl cotransport activity provided direct evidence of activation of the transporter in fgr Ϫ/Ϫ hck Ϫ/Ϫ erythrocytes (Fig. 2) . Previous studies indicated that these kinases serve at least partially redundant functions in innate immunity and adhesion-dependent neutrophil activation (29, 30) . The results presented in this paper are in line with these findings; in fact, we found clear phenotypic alterations (i.e., red cell water and K loss) only in erythrocytes with deficiency of both kinases.
Cell age represents a well known factor influencing the expression of K/Cl cotransport activity (5, 6) . In wild-type mice, when the reticulocyte level was increased as a consequence of repetitive bleeding, the circulating red cells had an increased cation content (Fig. 3) . Increased total cation content in young red cells has been demonstrated in sheep and rabbit red cells and depends primarily on an increase of K content (8, 40) . In wild-type mice erythrocytes, reticulocytosis was associated with a significant increase in the activity of the K/Cl cotransport ( Fig. 3) . In contrast, an increase in the percentage of reticulocytes did not result in any substantial change in the K content and K/Cl cotransport activity of fgr Ϫ/Ϫ hck Ϫ/Ϫ erythrocytes. In addition, experiments with wild-type mice showed that K/Cl cotransport activity declined after several days from bleeding (i.e., in coincidence with the red cell differentiation); in contrast, in fgr Ϫ/Ϫ hck Ϫ/Ϫ erythrocytes it remained fairly constant independently of the state of cell differentiation (Fig 3) . These findings suggest that cell age might affect K/Cl cotransport by modulating Fgr and Hck kinase activity. However, we cannot exclude that deficiency of Fgr and Hck results in additional cation transport alterations in young red cells. One of the models advanced to explain regulation of K/Cl cotransport activity attributes an essential role to phosphorylation/dephosphorylation reactions in shifting the K/Cl cotransporter to a low or high activity state (see reference 20) . According to this model, an OA-sensitive phosphatase activity is required to maintain the transporter in a high activity state, and the activity of this phosphatase is negatively regulated by a staurosporine-sensitive kinase. Indeed, stimulation of K/Cl cotransport by cell swelling or oxidants has been shown to de-pend on activation of a serine/threonine protein phosphatase that, on the basis of its sensitivity to inhibition with OA and calyculin A, and its possible membrane localization, has been identified as the protein phosphatase type 1 (19, 20) . This has been validated by recent reconstitution experiments in erythrocyte ghosts (37) . Interestingly, we found that OA inhibited K/Cl cotransport activity in wild-type and fgr Ϫ/Ϫ hck Ϫ/Ϫ erythrocytes ( Fig. 4) . According to the model attributing a critical role to a phosphatase activity (i.e., protein phosphatase type 1) in regulating K/Cl cotransport, our findings would suggest that this phosphatase might be negatively regulated by Fgr and Hck (Fig. 5 ). Therefore, in fgr Ϫ/Ϫ hck Ϫ/Ϫ double-mutant erythrocytes this phosphatase would be constitutively active, resulting in high K/Cl cotransport activity. If so, one could anticipate that inhibition of this phosphatase by OA should decrease K/Cl cotransport even in fgr Ϫ/Ϫ hck Ϫ/Ϫ double-mutant erythrocytes. Indeed, the results reported in Fig. 4 show that this was the case, thus suggesting the possibility that Fgr and Hck act regulating the activity of the OA-sensitive phosphatase. The phosphatase shifting the K/Cl cotransporter to a high activity state was suggested to be negatively regulated by a staurosporinesensitive kinase (20) . Indeed, staurosporine enhances K/Cl cotransport activity and this finding was explained as due to inhibition of the constraint the staurosporine-sensitive kinase exerts on the activity of the phosphatase (20) . It is of interest that we confirmed a stimulatory effect of staurosporine on K/Cl cotransport activity of wild-type mouse erythrocytes, but we did not find any effect of the drug on K/Cl cotransport activity of fgr Ϫ/Ϫ hck Ϫ/Ϫ mouse erythrocytes (Fig. 4) . This finding suggests that Fgr and Hck might be the target of staurosporine and, in erythrocytes lacking the two kinases, the drug cannot increase K/Cl cotransport activity. It should be pointed out that staurosporine has only a limited selectivity as an inhibitor of protein kinases and it has also been shown to inhibit tyrosine kinases, including Src (41) (42) (43) (44) . It is of interest that NEM, which has been shown to enhance K/Cl cotransport activity in erythrocytes from different species (1, 2, 35, 36, 38, and Fig. 4 ) did not enhance K/Cl cotransport activity in fgr Ϫ/Ϫ hck Ϫ/Ϫ double-mutant erythrocytes. The simplest explanation of this finding is that Src-family kinases are the target of NEM. However, we cannot exclude that the lack of effect of NEM, and possibly staurosporine itself, is simply due to the fact that the high K/Cl cotransport activity of fgr Ϫ/Ϫ hck Ϫ/Ϫ doublemutant erythrocytes cannot be boosted further.
On the basis of the current models of regulation of K/Cl cotransport (20) , our inhibitory studies would suggest that Fgr and Hck act by inhibiting an OA-sensitive phosphatase that activates K/Cl cotransport (Fig. 5) . A possible role of Fgr and Hck in regulating the OA-sensitive serine/threonine phosphatases 1 and 2A is supported by accumulating data demonstrating the existence of a cross-talk between tyrosine kinases and serine/threonine phosphatase activities (45) (46) (47) (48) . It is of great interest that phosphatases 1 and 2A have been shown to be substrates of p60 v-src and p56 lck , as well as receptor tyrosine kinases (45, 47) . Importantly, tyrosine phosphorylation of protein phosphatases 1 (45) and 2A (47) results in inhibition of their activity. These data give ground to our findings suggesting a negative regulatory role of Fgr and Hck on one phosphatase (i.e., protein phosphatase 1) responsible for activation of K/Cl cotransport.
The capability of Fgr and Hck to negatively regulate a phosphatase affecting K/Cl cotransport may well be indirect Figure 5 . Hypothetical mechanisms of regulation of erythrocyte K/Cl cotransport. The proposed model is based on evidence suggesting that a protein kinase-regulated phosphatase activates the K/Cl cotransporter (see references 13, 15-17, 19, 20, 37) . Data have been presented indicating that the phosphatase activating the K/Cl cotransporter is represented by the serine/threonine protein phosphatase type 1 (PP-1) (19, 20, 37) . Our findings that the K/Cl cotransporter is activated in fgr Ϫ/Ϫ hck Ϫ/Ϫ double-mutant erythrocytes would suggest that Fgr and Hck inhibit the regulatory phosphatase. A critical role of this phosphatase in activating the K/Cl cotransporter is strengthened by our finding that OA inhibits K/Cl cotransport in wild-type as well as fgr Ϫ/Ϫ hck Ϫ/Ϫ double-mutant erythrocytes; i.e., in cells in which the putative constraint exerted by Src-family kinases on the phosphatase activity is lacking. The lack of effect of staurosporine and NEM on K/Cl cotransport of fgr Ϫ/Ϫ hck Ϫ/Ϫ double-mutant erythrocytes can be explained hypothesizing that the target of staurosporine and NEM in wild-type erythrocytes is represented by Fgr and Hck (see text). It is known that staurosporine also inhibits tyrosine kinase activities (see text). An alternative explanation of our findings is that Fgr and Hck regulate the assembly of red cell cytoskeleton. Src-family kinases are clearly implicated in regulation of the rearrangement of the cytoskeleton in hematopoietic cells (see text). The cytoskeleton might regulate the K/Cl cotransporter and/or the regulatory phosphatase activities, and alterations in cytoskeleton dynamics in fgr Ϫ/Ϫ hck Ϫ/Ϫ double-mutant erythrocytes might underlie enhanced K/Cl cotransport. The evidence that erythrocytes from single-mutant fgr Ϫ/Ϫ or hck Ϫ/Ϫ mice do not display any alteration of K content, MCHC, or D 50 suggests that Fgr and Hck also play an overlapping function in erythrocytes. This is in line with studies with macrophages (29) and neutrophils (30).
( Fig. 5 ). Accumulating data point to an essential role for Srcfamily kinases in reorganizing the cytoskeleton in hematopoietic cells. Fgr and Hck are required to promote the formation of an actin-based cytoskeleton triggered by integrins in neutrophils (30) , as well as macrophages (C.A. Lowell and G. Berton, unpublished observations). Interestingly, recent findings pointed to an important role for the cytoskeleton in regulating ion transport. Erythrocyte cytoskeletal dysfunctions result in an increased cation permeability (49) . Mutations in the cytoskeletal protein adducin result in alterations of actin assembly, as well as ion transport in epithelial cells and erythrocytes (see reference 50). Therefore, K/Cl cotransport alterations in fgr Ϫ/Ϫ hck Ϫ/Ϫ double-mutant mice might be secondary to cytoskeletal dysfunctions. Alterations in the assembly of the cell cytoskeleton might cause membrane dysfunctions affecting K/Cl cotransport. Alternatively, the cell cytoskeleton might regulate the function of the phosphatase implicated in activation of the K/Cl cotransporter.
The data presented in this report are the first to implicate Src-family kinases in regulation of erythrocyte membrane cation transport. Besides providing clues to understand the role of tyrosine phosphorylation in regulating K/Cl cotransport, they extend the array of cell responses regulated by Src-family kinases.
